Recent research on nanofluids has offered particle clustering as a possible mechanism for the abnormal enhancement of the effective thermal conductivity ͑k͒ when nanoparticles are dispersed in liquids. This paper was devoted to verify experimentally and theoretically the significance of the effect by altering the cluster structure, size distribution, and thermal conductivity of solid particles in water. Starting with well dispersed SiO 2 sols in water as a reference system, we control the aggregation kinetics by adjusting pH. Contrary to previous model predictions, the present experiment showed that clustering did not show any discernable enhancement in the thermal conductivity even at high volume loading. A series of fractal model calculations not only suggested that the conductive benefit due to clustering might be completely compensated by the reduced convective contribution due to particle growth, but also recommended the need for higher thermal conductivity and optimized fractal dimension of particles for maximizing the clustering effect.
I. INTRODUCTION
Nanofluids, i.e., solid-liquid composite suspensions, have attracted considerable research interest due to the anomalously increased thermal properties over the base fluids. This enhanced thermal conductivity makes them potentially attractive as heat transfer fluids for thermal management applications, e.g., cooling of microelectronics, transportation, solid-state lighting, etc.
Despite many investigations aimed at elucidating the unusual phenomenon behind nanofluids, a general agreement on the mechanisms responsible for the enhanced thermal transport has not yet emerged. Early experimental analyses and theoretical calculations of the thermal conductivity in solid/liquid heat-transfer fluids are largely dependent on the effective medium theory, which is basically categorized into the Maxwell-Garnett ͑M-G͒ model ͓1͔ and the Bruggeman model ͓2͔, which were originally developed for the study of the dielectric properties of composite consisting of host and inclusion phase. For instance, the Hamilton-Crosser ͑H-C͒ ͓3͔, deduced from the Maxwell rule by assuming that heat transport in each component is described by a diffusion equation, is very successful in predicting the thermal conductivity enhancement as a function of particle volume loading in large-sized particle suspensions. However, when dealing with nanofluids, the H-C model, with only macroscopic and diffusive heat transport under consideration, becomes inapt because it does not take into account particle size effect and further, it is adequate only for diluted suspensions. Compared to the M-G model, the Bruggeman model offers distinct advantages, e.g., applicable to nanofluids with a wide range of inclusion concentrations and capable of taking into account heat percolation through clustered aggregate structure ͓4,5͔.
The role of thermal Brownian motion of nanoparticles in nanofluids is still controversial. Additional heat advection by moving particles was anticipated to occur so that effective thermal conductivity of nanofluids is increased; however, this expectation was negated by Keblinski et al. who compared the characteristic time for Brownian diffusion of particles and heat conduction by the liquid and concluded that heat transport due to Brownian motion was negligible ͓6͔. More recently, Jang and Choi proposed that heat could be additionally transferred by a localized microconvection associated with the fluid surrounding each random-moving particle ͓7͔. By visualizing dye molecules, Prasher et al. experimentally confirmed that the mass transport was enhanced in nanofluids and suggested that particle motion might promote the convective thermal transport from analogy between convective heat and mass transfer ͓8͔. In addition, their theoretical study strengthens the argument for the microconvective mechanism ͓9͔. A recent experiment showed that the thermal conductivity decreased gradually and then approached the Maxwell limit with increasing the viscosity of the base fluid, in which the viscosity is solely tuned by volumetric fractions of the two constituent fluids that possess quite close thermal conductivity but very different viscosity ͓10͔. This would be a significant indirect evidence of the Brownian motion effect.
The effect of particle clustering and its associated percolation has also been correlated with the enhancement of thermal transport, because when particles cluster into percolating networks, more efficient paths of lower thermal resistance could be created. Although a volume fraction of ϳ15% is required for the percolation threshold for random dispersions, some local clustering is possible at lower volume loading ͓6͔ and was suggested to be another possible mechanism ͓4,6,11͔. While classical theory to deal with percolation effect has been relatively well developed since 1987 ͓12,13͔, experimental works to prove it are still in their infancy. To our knowledge, Prasher's experiment is the only one dealing with particle clustering effects on thermal conductivity ͓4͔. * mrz@umd.edu However, their experiment was not made at high volume loading where the effects are expected to be stronger.
In this work, we have conducted a systematic study to clarify the effect of aggregation on the effective thermal conductivity of silica nanofluids particularly at high volume loading. We have chosen a SiO 2 colloid as a model system for the following reasons. First, the colloid containing sizemonodisperse nonaggregated spherical particles was highly stable even at very high concentration ͑40 wt %͒ corresponding to a volume fraction of 23.3%. Such a good suspension of monomer particles has been hardly achieved by the previous researchers who have mixed commercial nanopowder with a liquid under strong ultrasonic agitation. These colloids often showed a severe aggregation and sedimentation of particles without control even at a few percent of volume fraction, which raised issues of aggregation state evolving during thermal conductivity measurements ͓14͔ and of artifacts associated with flocs' deposition on the surface of the measuring device and sedimentation of large clusters ͓4͔. Second, the size distribution of particles in liquid could be well controlled from monomer particles of ca. 15 nm to large aggregates of several hundreds of nanometers. This wide spectrum in size is crucial for the study of the clustering effect. Using this well-defined system, we explored the sizerelated clustering effect of silica-water nanofluids and then evaluated the most recent general model proposed by Prasher et al. ͓4͔ . Next, using the model, we investigated the effectiveness of the clustering effect in terms of thermal conductivity and microstructure of particles.
II. EXPERIMENTAL
A commercial concentrated silica colloid ͑ST-40, Nissan Chemical America͒ with a mean diameter of 15 nm at 40 wt % was used as a model nanofluid system in this study.
As-received concentrated dispersion shows no visible flocs or sediments, and the mass/volume fraction was further calibrated and verified by weighing a known volume of sample fluid before and after drying it.
The pristine colloid from the supplier was kept highly stable at relatively high pH ͑=10.1͒ where the negative charges serving as repulsive barrier were built on silica surface due to the ionization of residual silanol groups ͑ −SiOH͒ through a dynamic balance of −SiOH+ OH − −SiO − +H 2 O. When adding acid, neutralization of OH − decreased the surface charge and zeta potential and thereby reduced the interparticle repulsive barrier. Further lowering the pH over the isoelectric point ͑IEP͒ leads to a gradual increase in the surface charge over zero to positive through another balance of −SiOH+ H 3 O + −SiOH 2 + +H 2 O. In this regard, pH was chosen in our experiment to control the degree of aggregation by dropwise addition of concentrated HCl aqueous solution ͑ϳ10 wt %͒ under vigorous stirring. It is noted that the tiny amount of HCl addition does not cause any undesired change in volume fraction.
The hydrodynamic diameters of the silica particles in liquid were determined by dynamic light scattering ͑DLS͒ with a Zetasizer Nano series ͑Malvern Instrument͒ with 633 nm laser ͑backscattering at 173°angle͒. All measurements were conducted at 20°C after 2000 times dilution with buffer solutions at equal pHs, which enables us to freeze-in the aggregation state at each condition. The DLS can give a great benefit of direct size measurement of particles in liquid as it is, with high sensitivity to cluster mass/volume distribution.
The effective viscosity of the silica colloids at various pHs was directly measured by a digital viscometer ͑Brook-field DV-I PRIME͒ that has accuracy of 1.0% and repeatability of 0.2% in full scale range. The thermal conductivity of the colloids was measured at 20°C using a 3-wire technique ͓15͔, a combination of the well-developed hot wire method and the 3 method. In the 3-wire method, a metal wire is immersed into the liquid sample acting as both a heater and a thermometer. The method detects the frequency dependence, rather than the time dependence, of temperature oscillation in the metal wire through which a sinusoidal current at frequency is passed followed by generation of a 2-frequency heat wave in the fluid. The effective thermal conductivity k of the fluid is determined from the slope of the 2-temperature rise,
where p is the applied electric power, is the frequency of the applied electric current, l is the length of the metal wire, and T 2 is the amplitude of temperature oscillation at frequency 2. Calibration experiments for the 3-wire method were performed for pure standard fluids, i.e., hydrocarbon ͑oil͒, fluorocarbon and water at ambient condition, and the system measurement uncertainty of k was Ϯ1.5%. It should be noted that the measurements of pH, viscosity, and thermal conductivity except the hydrodynamic size were made directly for the pristine colloid without any dilution.
III. RESULTS AND DISCUSSION

A. Kinetic control of silica colloid aggregation
As mentioned, when lowering the pH of the silica colloid from 10.1 up to the isoelectric point ͑pH Ϸ 5.5͒, surface charge and repulsion potential are gradually reduced with respect to the invariant van der Waals attraction, which destabilizes the colloid. Near the IEP, strong interparticle attraction leads to aggregation resulting in ramified and selfsimilar fractal structures or even an entire percolating network.
The fractal nature of such aggregates is well characterized by a power law M ϰ R d f , where M is mass of an aggregate, d f is the fractal dimension, and R is the characteristic length of the aggregate ͓16-18͔. Either radius of gyration R g or hydrodynamic radius R h can be used for the length R. Neglecting rotation of aggregates, R h is defined as the size of an equivalent sphere that moves at the same velocity as the aggregate does and often is approximated by the size given from the DLS-measured translational diffusion coefficient through the Einstein-Stokes relation ͓19͔.
In terms of colloid aggregation kinetics, two limiting regimes are widely recognized: fast and power-law-growth diffusion-limited colloid aggregation ͑DLCA͒ where the potential barrier is small relative to the thermal agitation k B T, and slow and exponential-growth reaction-limited colloid aggregation ͑RLCA͒ where the energy barrier is comparable to or higher than k B T. Figure 1͑a͒ shows the hydrodynamic size distributions of colloidal particles at different pHs. At 8.5Յ pH Յ 10.1, the size distribution profiles are nearly the same suggesting that colloidal spherical particles are well dispersed without any obvious aggregation over 3 h. At pH = 8.0, an additional small peak appears at 72.6 nm while the first modal size is invariant, which implies that around 20%-30% of primary particles undergo a mild aggregation to form the second mode. At pH = 7.5, however, the modal diameters greatly increase to around 67 and 336.5 nm with volume ratio of ca. 4 to 1. The inset figure of Fig. 1͑a͒ shows the evolution of apparent viscosity of silica colloids at pHs of 8.0 and 7.5. The viscosity at pH = 7.5 is rapidly increasing with time and always much higher than that at pH = 8.0 representing that severe aggregation proceeds as compared to the case at pH = 8.0. This is consistent with the size variations as shown in Fig. 1͑a͒ .
The pH effect on aggregation kinetics was further exploited by characterizing the size evolution with time as seen in Fig. 1͑b͒ . At pH = 9.0, the colloid remains very stable as evidenced by the minimal change in size after four days. In contrast, at pH = 8.0, as the additional peak in Fig. 1͑a͒ did not appear at 10 min, the peak results from the aggregation process during the following 3 h, which might correspond to the relatively small increase in viscosity of the same sample in the inset of Fig. 1͑a͒ . At pH = 7.5, aggregation was confirmed to be much more significant in 3 h, which is qualitatively consistent with the significant increase in the viscosity within 3 h. It should be noted that the size distributions at all pH values are very similar at 10 min implying that the size measurement is reliable. Further observation until gelation shows that samples of pH 9, 8.5, 8.0, and 7.5 entirely gel to form a percolating structure after a course of ca. 360, 70, 14, and 4 h, respectively.
Returning to the aggregation regimes of RLCA and DLCA, extensive previous research ͓20-27͔ have reported two different typical values of fractal dimension, i.e., d f = 1.86Ϯ 0.05 and 2.1Ϯ 0.05 for DLCA and RLCA, respectively. Also, different ratios of R h / R g of 0.765 and 1.0 for DLCA and RLCA have been reported, respectively, for silica, gold, and polystyrene latex colloidal systems ͓25,28,29͔. It is well known that the RLCA process typically produces more compact aggregates with higher d f than the DLCA, which is caused by the lower sticking probability. Numerical simulation indicates that more compact aggregates are often generated at high suspension concentration ͓26͔. Regarding the present high volume loading, it is reasonable to assume that our aggregation process corresponds to the RLCA rather than the DLCA. Interestingly, Fig. 2 shows that the sample morphology at pH = 7.5 ͓Fig. 2͑c͔͒ where the colloid was most unstable is very similar to that of gold clusters derived through RLCA in Fig. 2͑b͒ rather than through DLCA in Fig. 2͑a͒ . Hence, the aggregation process might be close to the RLCA in the present condition, so that a d f of 2.15 and R h / R g of 1.0 corresponding to RLCA are taken in this study and will be used in the modeling later.
B. General model for prediction of thermal conductivity
In this section, the Maxwell-Garnett effective medium theory is considered for spherical nonaggregated particles for pH Ն 8.5, and a fractal model considered for aggregates at pH = 7.5 and 8.0. In general the M-G model is a combination of the H-C model and thermal boundary resistance, so that the effective thermal conductivity k of well dispersed spherical particles in a base fluid is expressed as ͓30͔
where is particle volume fraction and k f , k p , and k denote the thermal conductivity of the base fluid, particles, and the nanofluids, respectively. The solid-liquid interfacial thermal resistance or Kapitza resistance R b is implicitly included in Eq. ͑1͒ through the nanoparticle Biot number For aggregates, we adopted a model developed by Prasher et al. ͓4͔ to account for interfacial thermal resistance, Brownian motion-induced microconvection, and heat percolation due to nanoparticle clustering. The model combines both convective and conductive contributions and is given by
The first term in the right-hand side of Eq. ͑2͒ represents the convective contribution ͑k / k f ͒ conv and the second term the conductive contribution ͑k / k f ͒ cond . Further, Re and Pr denote the Reynolds number for nanoparticles and the Prandtl number for fluid, respectively; A =4ϫ 10 4 is a fluid typeindependent constant; ␥ is a system-specific exponent. A and ␥ should be unchanged for a particular fluid. The particle Reynolds number is expressed as
where v is kinematic viscosity of base fluid, k b is the Boltzmann constant, and and d are density and diameter of particles, respectively. To apply Eq. ͑2͒ for fractal aggregates, the diameter d is substituted by a volume equivalent size d eq of an aggregate that is defined by the diameter of a sphere that has the same volume of the aggregate as
, where R g represents the average gyration radius of aggregates and d p the diameter of primary ͑pristine spherical͒ particle. In addition, we have to modify the terms of ␤ and in Eq. ͑2͒ for aggregate system. First we deal with an aggregate bounded by a spherical boundary as another equivalent sphere. The equivalent sphere then replaces the fractal aggregate. We have to know the thermal conductivity of such a sphere k a and the volume fraction of solid phase in the sphere int . According to fractal geometry, int is expressed by
Then k a is derived from the following relation based on the Bruggeman model as
Note that the total number of the artificial spheres is exactly the same as that of aggregates. Thus, the volume fraction of solid phase in Eq. ͑2͒ needs to be corrected with the volume fraction of the equivalent spheres a in the whole fluid body as = int a . This will give rise to the increase in effective volume fraction from to a in Eq. ͑2͒, decrease in thermal conductivity of the spheres k a from k p ͑i.e., k SiO 2 = 1. Figure 3 shows the measured thermal conductivity of a series of destabilized ST-40 colloids whose size profiles are shown in Fig. 1͑a͒ . The experimental data are well bounded by the M-G model predictions with and without R b . As the M-G model is valid for well dispersed spherical particle suspension, the measured thermal conductivity at pH = 10.1 ͑the pristine colloid͒ should be useful for evaluation of the model. The 15% increase in the effective thermal conductivity seems to be surmounted completely by the effect of the interfacial resistance ͑up to ϳ23%͒. Also though pH decreases, there is no apparent effect of particle clustering, which is not in accord with the suggestion of Prasher et al. ͓32͔ and more recent work ͓33͔. This surprising result might come from the low inherent thermal conductivity of silica material and/or because the minor benefit of clustering is completely compensated by the concomitant degradation of the convective contribution.
C. Effect of clustering on the effective thermal conductivity
To clarify the conjectures, the fractal model in Eq. ͑2͒ was used. Table I lists the effective thermal conductivity predicted by the model along with various parameters for the pH 8.0 and 7.5 samples. The table shows that the increase in conductive contribution when decreasing pH from 8.0 to 7.5 is compensated by the decrease in the convective part due to the particle growth and the predicted k / k f values are therefore quite close to experimental data for both samples, e.g., 1.1177 vs 1.115 for pH 8.0 and 1.1128 vs 1.125 for pH 7.5 sample. Note that the bimodal size profiles in Fig. 1 at such pHs were further simplified by assuming each system to consist of two monodisperse particle ensembles, the sizes of which are approximated by the weighted average sizes of the corresponding peak from each peak area in Fig. 1͑a͒ . It is also worth mentioning that rather than scattering intensity, volumetric distribution of clusters has been obtained and used for the modeling purpose.
Based on the measured effective thermal conductivity ͑k / k f = 1.144͒ of the unaggregated pristine ST-40 sample ͑pH = 10.1, 23.3 vol %, ϳ15 nm͒ and the incorporated conductive contribution ͑k / k f ͒ cond ͓calculated to be 0.99 using Eq. ͑1͔͒, the system-specific constant ͑␥͒ in the convective part ͑k / k f ͒ conv of Eq. ͑2͒ was derived to be 3.205, which is not in the range of previously reported 2.5Ϯ 15% for CuO and Al 2 O 3 nanofluids ͓34͔, but agrees very well with our fitted value ͑i.e., ␥ = 3.267͒ based on another reported thermal conductivity data of Ludox silica colloid ͑ϳ16.5 nm, 16 vol % and k / k f = 1.075͒ ͓35͔. Thus, it would be very interesting to verify the behavior of the particle clustering effect when changing the thermal conductivity and microstructure of particles and is the focus of the remainder of the paper.
D. Tailoring thermal conductivity by changing thermal property and structure of particles
Figures 4͑a͒ and 4͑b͒ show that the particle clustering effect is indeed important when the particle material has a thermal conductivity higher than 10, and the effect is more pronounced when the factor of interfacial resistance is considered upon comparing Figs. 4͑a͒ and 4͑b͒. Note that the calculations are made under the assumption that all parameters are identical with the ST-40 with the only exception of the k p . A possible explanation for the result might be that high-conducting materials with respect to silica are superior in gaining the conductive benefit while maintaining the convective contribution constant. This is better verified by separating the conductive and convective contributions to the effective thermal conductivity as shown in Figs. 4͑c͒ and 4͑d͒ . Interestingly, the conductive contribution, or percolation effect, rapidly increases as the k p begins to increase and then becomes gradually degraded with further increase in the k p . Such a saturation seems to occur at relatively lower k p for the less aggregated system ͑pH = 8.0͒. Moreover, it is obvious that the conductive contribution dominates the thermal conductivity at k p Ն 10 suggesting that higher-conducting material is more desirable to shadow the interfacial resistance to obtain the clustering benefit.
Using the model, we have also studied the influence of fractal dimension d f on the effective thermal conductivity for specific sizes of colloidal aggregates as shown in Fig. 5 . Overall, the role of clustering is manifested to be positive. Figure 5͑a͒ , representing the silica colloid, shows that a higher d f ͑denser structure͒ results in a slight increase in the was used and the numbers in the legends stand for diameters of gyration ͑2R g ͒ of fractals.
k at the constant aggregate size. Note that only a higher d f part was displayed for larger aggregates; for example, for 1000 nm aggregates, if d f decreases over 2.6 ͑toward a more open structure͒ while keeping the number and size of aggregates constant, the volume fraction of aggregates ͑ a ͒ can increase over 1.0, which is unpractical and thus not displayed. Figure 5͑b͒ shows that in a theoretical highconducting material system, there exists an optimum d f value for maximum enhancement. Given the fixed aggregate size, although the k a ͑the thermal conductivity of an aggregate͒ and the int ͑volume fraction of solid fraction inside the equivalent sphere bounding the aggregate͒ increase in more compact aggregate, the a ͑the effective volume fraction of aggregates͒ should decrease to maintaining the constant ͑=0.2͒. For example, in a 200 nm aggregate system, when d f increases from 2.56 to 2.66, the convective contribution slightly decreases due to a little increase in mass of aggregate; whereas, the conductive part is obviously degraded mainly by a decrease in a from 0.63 to 0.48, rather than by the increase in either k a ͑from 5.35 to 19.43͒ or int ͑from 0.32 to 0.41͒. Figure 5͑b͒ also shows that for the constant d f , larger aggregate does not always give higher thermal conductivity as described above. This is why the optimal control of aggregation is crucial to maximize the benefit of particle clustering.
IV. CONCLUSIONS
Starting with a well-defined system followed by accurate control of aggregation state, we have explored both theoretically and experimentally nanoparticle clustering effects on the effective thermal conductivity in nanofluids. Contrary to the previous model prediction, i.e., the twofold increase in the effective thermal conductivity of best-clustered Al 2 O 3 nanofluid with respect to the well-suspended system, the present experiment showed that the clustering did not give rise to any distinct difference in the k for less-conducting SiO 2 nanofluid even at unusually high volume loading of ϳ23%. A generalized fractal model suggested that the conductive benefit due to clustering might be completely compensated by the reduced convective contribution due to particle growth. A series of parametric model predictions revealed that higher thermal conductivity and optimized fractal dimension of particles were required for maximizing the clustering effect.
